The ability of human CMV (HCMV) to enter and establish a latent infection in myeloid cells is crucial for survival and transmission in the human population. Initial pathogen binding and entry triggers a number of antiviral responses, including the activation of proapoptotic cell death pathways, which must be countered during latency establishment. However, mechanisms responsible for a prosurvival state in myeloid cells upon latent HCMV infection remain completely undefined. We hypothesized that the cellular antiapoptotic machinery must be initially activated by HCMV to promote early survival events upon entry. Here we show that HCMV transiently protects nonpermissive myeloid cells from chemical and virus entry induced cell death by up-regulating a key myeloid cell survival gene, myeloid cell leukemia (MCL)-1 protein.
The ability of human CMV (HCMV) to enter and establish a latent infection in myeloid cells is crucial for survival and transmission in the human population. Initial pathogen binding and entry triggers a number of antiviral responses, including the activation of proapoptotic cell death pathways, which must be countered during latency establishment. However, mechanisms responsible for a prosurvival state in myeloid cells upon latent HCMV infection remain completely undefined. We hypothesized that the cellular antiapoptotic machinery must be initially activated by HCMV to promote early survival events upon entry. Here we show that HCMV transiently protects nonpermissive myeloid cells from chemical and virus entry induced cell death by up-regulating a key myeloid cell survival gene, myeloid cell leukemia (MCL)-1 protein.
The induction of MCL-1 expression was independent of viral gene expression but dependent on activation of the ERK-MAPK pathway by viral glycoprotein B. Inhibition of ERK-MAPK signaling, inhibition of HCMV fusion, antibody-mediated neutralization of glycoprotein B signaling or expression of a shRNA against MCL-1 all correlated with increased cell death in response to virus infection or chemical stimulation. Finally we show that activation of ERK-MAPK signaling impacts on long-term latency and reactivation in hematopoietic cells. Thus, HCMV primes myeloid cells for from the initial virus-cell encounter. Given the importance of ERK and MCL-1 for myeloid cell survival, the successful establishment of HCMV latency in myeloid progenitors begins at the point of virus entry.
H uman CMV (HCMV) infection of healthy individuals is usually asymptomatic and results in the establishment of a lifelong latent infection (1) . Although infection can be asymptomatic, primary infection, reinfection, or reactivation from latency in neonates, immunosuppressed transplant recipients, late-stage AIDS cases, and critically ill patients in intensive care can result in serious morbidity and mortality (2) (3) (4) . In contrast to the broad cellular tropism of HCMV for lytic infection (reviewed in ref. 5) , latent infection appears to be restricted to a subpopulation of hematopoietic CD34
+ bone marrow progenitor cells that give rise to the cells of the myeloid lineage within peripheral blood (6) . HCMV latency is operationally defined by the absence of lytic gene expression following infection and the ability of the virus to reenter the lytic life cycle (i.e., reactivation) at a later date when the appropriate cellular environment is encountered.
Like most pathogens, HCMV manipulates the host cell to create a cellular environment conducive for virus survival. However, HCMV binding and entry to the surface of the cell has profound effects on the cellular environment (7, 8) , with some changes of no immediate apparent benefit to the virus, including a strong innate immune response characterized by the rapid induction of inflammatory cytokine and IFN-stimulated gene expression promoting a highly antiviral state (7) (8) (9) . Virus binding is also to activate cellular pathways, including PI3K/Akt (10), MAP kinase ERK1/2 (11), and p38 (12) , as well as signaling through TLR receptors (13) , which results in significant reprogramming of cellular gene expression (8) . Although it is not known what the precise effect many of these individual changes have on HCMV infection, it is clear that, globally, the virus can isolate the facets of signaling that benefit HCMV replication while inhibiting the aspects that are detrimental and that this reprogramming of the host cell response begins with viral entry and persists throughout lytic infection (7, 8, 14, 15) .
The very early stages of virus binding and entry represent the first of many proapoptotic signals that HCMV triggers upon infection. During lytic infection, expression of an impressive armory of viral antiapoptotic functions (UL36-38; β2.7) (16, 17) has a profound contribution to the survival of infected cells. However, what mediates this during nonpermissive infections was less clear. Consequently, we hypothesized that HCMV targeted the host cellular machinery to elicit initial protection from apoptosis by using one of the pathways that it activates upon binding and entry. The role of myeloid progenitor cells in HCMV latency (6) led us to assess the role, if any, of myeloid cell leukemia (MCL)-1 protein, which plays an obligate role in myeloid cell survival (18) . Originally identified from a myeloid leukemia cell line (19) , MCL-1 is an inherently unstable (t 1/2 , 3 h) antiapoptotic member of the BCL-2 family (19) under complex regulation (20) in a cell type-specific manner. Indeed, during the course of our own studies, it was shown that sustained PI3K activation in infected monocytes resulted in prolonged MCL-1 protein expression promoting survival of short-lived monocytes in response to HCMV infection, with clear implications for virus persistence (21) . As this was consistent with our own hypothesis, we chose to investigate this further in CD34 + cells-the natural site of HCMV latency. In this study, we have assessed the impact of HCMV infection on the viability of infected nonpermissive myeloid cells immediately after infection, as progenitor myeloid cells represent a major site for the establishment of HCMV latency within the human host (6) . In this report, we show that glycoprotein (g) B (gB), a protein essential for HCMV entry into cells (22) , mediates protection of cells. We observe that activation of the ERK pathway, which correlates with transient up-regulation of MCL-1 upon virus binding and entry, is key to survival. We hypothesize that the ability of HCMV to initiate the establishment of latency in myeloid progenitors begins with transient induction of a favorable cellular environment upon binding and entry, which, at least in part, involves the induction of ERK-MAPK signaling and the downstream target MCL-1.
ness for lytic infection. The myelomonocytic cell line, THP1, exhibits the same differentiation-dependent permissiveness for lytic infection as primary cells (23) and thus can, potentially, be used to model aspects of nonpermissive infection in vitro (6) . A major component of the innate cellular antiviral response is cell death induction upon infection. We hypothesized that HCMV could induce a prosurvival environment to combat this, and, indeed, HCMV infection provided significant protection from cell death triggered by the DNA alkylating drug cisplatin A (Fig.  1A) , of which MCL-1 is a natural antagonist. Interestingly, protection was independent of viral gene expression, as UV-inactivated virus elicited the same protection in both CD14
+ and CD34 + cell infections (Fig. 1B) . Furthermore, this initial protection was transient, as latently infected CD34 + cells 24 h postinfection (hpi) were no longer resistant to cisplatin A-induced cell death (Fig. 1C) .
Thus, our initial observations were in agreement with a prior study that showed that the survival of CD14 + monocytes was promoted by prolonged overexpression of MCL-1 (21) . Similarly, we observed elevated MCl-1 RNA and protein expression in CD34 + cells and THP1 cells at very early times after infection ( Fig. 2 A and B and Fig. S1 ). However, in contrast, we also observed that, in CD34 + cells, unlike reported in monocytes (21), MCL-1 expression rapidly returned to approaching basal levels after initial binding events (Fig. 2B) , correlating with the transient protection observed (Fig. 1C) . Unfortunately, shRNA inhibition of MCL-1 expression was overtly deleterious to CD34 + cell viability, but, by using the THP1 cell line, we observed that inhibition HCMV-induced HCMV MCL-1 expression abrogated protection from cisplatin A-induced cell death ( HCMV gB Is a Key Component of Initial Survival Response. These data suggested an event associated with virus binding and entry was important for this initial protection from cell death. HCMV entry involves a number of virion-cell surface protein interactions involving predominantly gB and gH/gL complexes. Thus, we first asked whether either of these recombinant proteins elicited protection (Fig. 3A) . A protective effect was observed with recombinant gB, but not gH/gL, which was recapitulated with just the DLD peptide. Similarly, CFI02-mediated inhibition of gB activity abrogated HCMV protection from cell death. Furthermore, protection correlated with elevated MCL-1 RNA expression (Fig. 3B ). We next asked whether neutralization of gB function would abrogate protection from cell death. By using previously characterized anti-gB (ITC88) and anti-gH (MSL109) therapeutic antibodies, targeting gB-, but not gH-, containing complexes abrogated protection from cell death of CD34 + cells (Fig. 3C ) and THP1 cells ( response initiated at the point of infection to prevent cell death. We next asked whether this initial survival phenotype had any impact on the establishment of a long-term latent infection. To test this, we reasoned that the infection of myeloid cells at low multiplicity of infection (MOI) and transient treatment with cisplatin A should promote an enrichment of latently infected cells, as these would be the only cells to survive in a mixed population of infected and uninfected cells. To test this, we infected CD34 + cells at low MOI and treated with cisplatin A 3 hpi. We then "rescued" the treated cells in with fresh media and assayed for viable cell number and the carriage of viral genomes. Unsurprisingly, the transient addition of cisplatin A resulted in a significant decrease in the total number of viable primary cells over time, although to a lesser degree, in the infected population, presumably because of the survival of a small proportion of infected cells (Fig. 4A) . Consistent with survival of infected cells, a PCR analysis of genome carriage suggested an enrichment of viral DNA (Fig. 4B) , likely because the proportion of genomepositive cells in the remaining viable cells was increasing. As the prodeath trigger was delivered at 3 hpi, these data suggested that virus initiates a transient prosurvival response at very early times of infection, which can have downstream impact on the establishment of a long-term latent pool of infected CD34 + cells. At the interface of virus entry and MCL-1 up-regulation is the activation of a number of cellular pathways. Transfection assays (THP1s) with an MCL-1 luciferase reporter construct identified virus-induced ERK-MAPK activation as a potential mechanism (Fig. S3A) . To test this further in the context of latency establishment, we again turned to CD34 + cells. By using a reversible inhibitor of the ERK-MAPK pathway in CD34 + cells, the transient inhibition of ERK-MAPK signaling resulted in a substantial induction of cell death upon virus infection (Fig. 5A ), which correlated with decreased MCL-1 expression (Fig. 5B, bar 4) , supporting a role for ERK-MAPK signaling during the establishment of latency. These immediate effects manifest as a defect in the long-term carriage of HCMV genomes (Fig. 5C ) and decreased reactivation upon differentiation to dendritic cells (Fig.  5D ). As such transient activation of the ERK-MAPK pathway at the point of infection has long-term implications-if fewer cells establish a latent infection, it follows that fewer reactivation events will occur manifesting, in these analyses, as decreased IE RNA expression.
Discussion
Apoptosis forms one part of a complex response of the human host to virus and pathogen infection. Sometimes referred to as part of the "intrinsic" immune response, programmed cell death clearly plays a role in the control of infection (24) . As a consequence, pathogens have evolved multiple mechanisms to evade the host immune response and cellular defense mechanisms in place to counter them.
Virus infection triggers apoptosis at multiple levels. The first of these responses is often in response to virus binding and thus is initiated before any de novo virus gene expression and is observed with a number of viruses including HIV, HSV, and HCV (25) (26) (27) (28) . HCMV envelope gB and gH proteins have been shown to engage and activate TLR-2 on the surface of cells (13, 29) . Given that signaling through TLR-2 can activate proapoptotic pathways (30, 31) , including in response to HCMV (32) and HSV (33) infection, it is likely that, in latent infection, the virus must subvert this or other yet unidentified prodeath signals. Indeed, our observations that inhibition alone of elements important for the HCMV antiapoptotic response in myeloid cells (i.e., ERK-MAPK pathway, MCL-1 shRNA expression, and gB sig- naling) elevated cell death upon infection supported the activation of a prodeath response countered during nonpermissive HCMV infection.
HCMV has been shown to infect a number of different cell types, which suggests that the HCMV receptor is ubiquitously expressed or, alternatively, HCMV can use and engage multiple entry receptors on the surface of cells. Although the specific identity of HCMV entry receptor(s) remains to be definitively defined (34) (35) (36) , the current model proposes that, upon initial docking to receptor(s), virion fusion and internalization are mediated by interactions with cellular integrins (37, 38) via a DLD within gB (37) . In contrast with lytic infection, latent infection is restricted to a subpopulation of CD34 + hematopoietic cells in the bone marrow population (6), particularly the myeloid lineage. It is plausible that such selectivity could be driven by a latency-specific receptor. Alternatively, signaling pathways activated by HCMV infection of myeloid cells may promote an environment conducive for the establishment of latency. Given the pivotal roles that ERK and MCL-1 play in the function and survival of early hematopoietic myeloid progenitors (18) , it is an attractive hypothesis that latency establishment in myeloid cells is initiated, in part, by the successful navigation of cell death in early myeloid progenitors. Whether long-term survival also involves prolonged ERK-MAPK activity is unknown; however, the up-regulation of a number of antiapoptotic functions has been described in experimental models of longterm HCMV latency (39) . One model would propose that entrymediated events provide a transient protection from the cell death, and then the "baton" is passed onto viral gene products expressed during long-term latency to maintain HCMV genomes. Clearly, if the virus cannot inhibit these initial prodeath events occurring upon entry, the efficiency of latency establishment is, logically, going to be severely impaired.
The data presented here argue a role for viral gB signaling and ERK activation during cell survival at the initial stages of CD34 + latent infection-a protection that correlates with MCL-1 expression. Furthermore, given that a major target of cisplatin Ainduced cell death is MCL-1, MCL-1 plays an obligate role in hematopoietic cell survival in addition to the direct role MCL-1 plays in infected THP1 survival. Our data suggest that MCL-1 is an attractive target for the establishment of latency. Interestingly, HCMV has also been shown to activate the PI3K pathway in both permissive (10) and nonpermissive infection (40) , which suggested that the protective effects of HCMV we observed could be mediated via this pathway also. Although we cannot preclude a role for the activation of these pathways in aspects of cell survival, in our hands, it was the ERK pathway that appeared important for initial survival of latently infected CD34 + cells in response to infection or the further stress of cisplatin A. Interestingly, the pathogenesis of chronic myeloid leukemia has also been associated with the activation of MCL-1 expression in an ERK-, but not PI3K-, dependent manner consistent with ERK-induced activation of MCL-1 being important for early myeloid cell survival (41) . Indeed, given the increasing role for ERK-MAPK pathway activity in myeloid cell survival and function (42) , the manipulation of this pathway provides obvious benefit to HCMV, and future studies will seek to evaluate the breadth of further responses to ERK-MAPK activation and, particularly, their implications for the establishment of latency. Reasons for the differences with a previous study (21) could be multiple. Although EGF-R can activate both PI3K and ERK-MAPK signaling, its role during entry remains contentious (35, 36) , and, crucially, EGFR is not expressed on hematopoietic 
CD34
+ cells (43) . Furthermore, our studies were performed with clinical isolates, not laboratory strains, which in themselves appear to have phenotypic differences during latent infection. Finally, it is highly feasible that, upon infection of progenitor myeloid cells such as CD34 + cells and THP1 cells, the virus uses a concert of different pathways upon entry. This, in our opinion, is the most attractive hypothesis to explain differences between the two data sets, and illustrates how HCMV could use multiple pathways to manipulate common targets in different cell types. We also note that Chan et al. observed that transcription of MCL-1 was only slightly elevated at 24 hpi (21) . Given that the half-life of MCL-1 protein is 3 h, the prolonged expression of MCL-1 seen in their study (21) may also suggest that other mechanisms, apart from the entry-mediated effects on which we focused, were functioning to stabilize the MCL-1 protein in their monocyte infections, which would be an interesting avenue for further study.
One of the key factors for the success of herpes viruses is the ability to establish lifelong latent infections in the host; in contrast with lytic infection, we are only just beginning to understand the mechanisms viruses use to subvert normal host responses during latent infection. The health threat from latent and persistent infections can manifest over many years and can result in severe disease and death under certain conditions. It is hoped, therefore, that an understanding of the mechanisms governing latency and persistence will not only help us in our attempts to control the threat from latent viruses but also provide further insight into the fundamental cellular pathways that these viruses target for survival, which begins at the point of virus binding and entry.
Materials and Methods
Virus, Cell Lines, Culture, and Reagents. The clinical isolates VR1814 and TB40/e was purified from infected human retinal pigment epithelial cells by using sorbitol gradients as previously described (44) . Equivalent results were obtained with either virus strain. For UV inactivation, HCMV was irradiated for 4 min (on ice) in a Stratagene cross-linker (10 × 10 5 μJ). Inactivation was confirmed by staining infected fibroblasts for IE gene expression by immunofluorescence. THP1 cells were maintained in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100 μg/mL), and 2 mM L-glutamine. Primary CD14 + monocytes were isolated from the venous blood of anonymous donors who had given informed consent under the local rules governing the Novartis Blood Research Enrolment Program. Primary CD34 + hematopoietic cells were isolated from apheresis blood packs harvested from granulocyte colony-stimulating factor mobilized patients who had subsequently died. Typically, 50 mL of venous blood or apheresis product was diluted 1:1 in PBS solution, separated on a Ficoll gradient, purified by using a CD14 + or CD34 + cell direct isolation kit (Miltenyi Biotec) and magnetic-activated cell sorting, and then cultured in X-vivo 15 supplemented with 2 mM L-glutamine.
Inhibition of the MAPK pathways was performed by using the MAPK inhibitor set II (Calbiochem). This kit contained MEK/ERK inhibitors PD98059 (10 μM), U0126 (1-10 μM), and p38 inhibitor SB203580 (5-25 μM). Furthermore, the inactive analogue UO124 (1-10 μM) was also used (Calbiochem). All inhibitors were added directly to the culture media with 0.1% DMSO used as the solvent control 1 h before virus infection.
To perform neutralization experiments, HCMV was preincubated with either anti-gB (ITC88) or anti-gH (MSL-109) for 1 h before infection of cells. ITC88 was originally isolated from hybridomas established from the lymphocytes of a healthy HCMV carrier and recognizes an epitope between amino acids 67 and 86 of gB (45) . MSL109 was isolated from the B cells of a patient who survived an HCMV infection (46) and was subsequently shown to target an epitope of gH (47) .
Experimental Infection of Myeloid Cells. THP1 cells were cultured in serum-free RPMI medium 3 h before infection. CD14 + and CD34 + cells were infected and maintained in serum-free X-vivo 15 media (BioWhittaker) throughout culture. One hour after infection, suspension cells were pelleted (300 g) and media were replaced. For adherent CD14 + , the media was replaced directly. For analysis of reactivation, CD34 + cells were differentiated as described previously (48) .
Nucleic Acid Isolation, Reverse Transcription, PCR, and Western Blot. Ten micrograms of DNase I-treated RNA isolated using RNAeasy spin columns was reverse-transcribed by using an ImpromII RT kit (Promega). DNA was harvested from infected cells by using the sodium perchlorate method. Gene specific primers were then used to amplify target sequences by PCR using PCR 2× MasterMix (Promega) with the following cycling conditions: 95°C (5 min), then 20 to 30 cycles of 94°C (40s), 55°C (40 s), and 72°C (60 s), and then a final extension at 72°C for 10 min. Primers were as follows: MCL-1, 5′-TGC AGG TGT GTG CTG GAG TAG and 5′-GCT CTT GGC CAC TTG CTT TTC'; GAPDH, 5′-GAG TCA ACG GAT TTG GTC GT and 5′-TTG ATT TTG GAG GGA TTC TCG; Actin, 5′-GCT CCG GCA TGT GCA and 5′-AGG ATC TTC ATG AGG TAG T; IE72, 5′-CAT CCA CAT CTC CCG CTT AT and 5′-CAC GAC GTT CCT GCA GAC TAT G.
For Western blot, 10 5 cells were lysed in Laemmli buffer and subject to SDS/PAGE electrophoresis. Following transfer, blots were incubated with anti-MCL-1 (1:500; Cell Signaling) or anti-GAPDH (1:2,000; Abcam) for 1 h followed by detection with the appropriate HRP-conjugated secondary antibody. Specific bands were visualized by ECL detection (Amersham).
Densitometry was performed on Western blots or ethidium bromide gels using ImageJ software (National Institutes of Health). Typically, samples were normalized to GAPDH (mock in WB) or actin (DNA-PCR) for comparative analysis.
Cell Death Assays. Induction of cell death was achieved by using the chemotherapeutic drug cisplatin A (49). Cisplatin A (25μM; Sigma-Aldrich) or 0.1% DMSO (mock) control was added for 4 h to trigger the apoptotic pathway. As the effects of cisplatin A-induced cell death are not evident until at least 12 to 24 h after treatment (50), cell viability, measured by using trypan blue staining, was performed 18 h after administration of cisplatin A. Number of dead (i.e., blue) cells was expressed as a percentage of total cells as a measure of cell viability. Alternatively, cells were stained with a TUNEL detection kit (Roche) as described by the manufacturer and analyzed for specific apoptotic cell death by immunofluorescent microscopy.
Lentiviral Vector for Delivery of shRNA to MCL-1. An MCL-1 shRNA expressing vector was generated using the pLKO.1 vector system as previously described (51) . Essentially, an shRNA insert with EcoRI and NcoI sticky ends was generated by using the oligos 5′-CCGG-GGGACTGGCTAGTTAAACAAAG-CTCG-AG-CTTTGTTTAACTAGCCAGTCCC-TTTTTG and 5′-AATTCAAAAA-GGGACTG-GCTAGTTAAACAAAG-CTCGAG-CTTTGTTTAACTAGCCAGTCCC and inserted into pLKO.1. A nontargeting shRNA was used a control (shRNA sequence, GTGGACTCTTGAAAGTACTAT) and has been previously verified (52) . Lentiviral particles were produced as previously described (51) . For transduction, 
